The pure double-walled carbon nanotubes ͑DWNTs͒ and two endohedral DWNTs ͑DWNTs with materials filled inside͒ are produced. The filling materials are CoI 2 and KI, respectively. The ferromagnetism ͑FM͒ is observed in pure DWNTs. The content of residual catalyst Fe is too small to be responsible for the observed FM. On the other hand, after filling KI or CoI 2 into the tubes, over 87% of FM is suppressed. This suggests that the origin of FM in nanotubes is mainly from the hydrogen chemisorptions induced in the process of acid purification. With the knowledge of FM origin, it is then possible to enhance FM of carbon nanotubes or graphene for applications relying on magnetism.
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In past years, ferromagnetism ͑FM͒ has been observed in the five allotropes of carbon, namely, graphite, 1-3 nanosized diamond, 4 fullerene, 5 carbon nanotubes ͑CNTs͒, 6 and carbon nanofoam. 7 Since magnetic materials have been traditionally associated with the elements containing partially filled 3d or 4f subshells which possess the strongly localized nature and high degree of degeneracy, FM appearing in carbon-based materials has attracted much attention because carbon contains only sp electrons. Also, it makes carbon to be considered as a candidate for nanoscale magnetic devices and for spintronics. However, the origin of carbon magnetism is still controversial. Both the edge states appearing around zigzagshaped edges 8 and the defects ͑vacancy or hydrogen chemisorption defects͒ 9, 10 are theoretically predicted to result in magnetism. In highly oriented pyrolytic graphite ͑HOPG͒, FM induced by proton irradiation indicates the importance of hydrogen, since He 2+ irradiation has significantly smaller effect. 1 The recent observation of FM at grain boundaries of HOPG shows the edges can also be the source of magnetism in graphite. 3 In CNT, however, FM is usually attributed to impurities, since many synthetic methods used to produce CNTs employ ferromagnetic catalyst particles. Even after acid purification, there are still some residual ferromagnetic impurities due to the shield of graphitic coating. In singlewalled carbon nanotubes ͑SWNTs͒, 6 the experimental results show that a fraction of acid-purified nanotubes contains FM, and it is explained by the residual catalyst particles tethered to nanotubes. In this work, we compare the magnetic properties between pure double-walled nanotubes ͑DWNTs͒ and two endohedral DWNTs ͑DWNTs with materials filled inside͒ filled with CoI 2 ͑CoI 2 @ DWNTs͒ and KI ͑KI@DWNTs͒, respectively. The results imply an alternative origin of FM in CNTs.
The DWNTs were prepared by the catalytic arc synthesis technique with acid purification. 11 The molten materials were introduced into purified nanotubes by capillarity induced filling. 12 The samples were imaged in a 200 KV JEOL JEM-2100 transmission electron microscope ͑TEM͒ with field emission gun. It is equipped with energy dispersive x-ray spectroscopy ͑EDS͒ of OXFORD INCATM microanalysis system. In addition to CNTs and filling materials, there is also Fe element observed in TEM analysis and identified by EDS. The neutron activation analysis ͑NAA͒ was used to determine the quantities of elements in each sample. The content of Fe is 33 ppm in pure DWNTs, and 55 ppm in endohedral DWNTs. The content of Co element in CoI 2 @ DWNTs is 0.31 wt %, and it is below 100 ppb in the other two samples. The magnetic measurement was performed with two commercial superconducting quantum interference device magnetometers, model MPMS and MPMS2 manufactured by Quantum Design Corporation. Figure 1 shows the TEM image of CoI 2 @ DWNTs. The regions of dark contrast in the bottom right bundle indicate CoI 2 inside DWNTs identified by EDS. The diameter of an empty DWNT in central area of the image is about 2 nm. The black ellipsoid above the DWNT is the residual catalytic Fe particle with graphitic coating, which protects the Fe from being removed in acid-purification. In the upper left area, there are several empty tubules, and the residual Fe particles distribute over there. There are also few observed multiwalled nanotubes not shown in the figure.
The comparison of magnetic behaviors at an applied field of 10 kOe for pure DWNTs, CoI 2 @ DWNTs and KI@DWNTs is shown in Fig. 2 . Only the field-cooled ͑FC͒ curves are shown, since the zero-field-cooled ͑ZFC͒ curves are coincident with FC curves. According to the results of NAA, the largest residual content of Fe ͑55 ppm͒ contributes at most 0.022 emu/g assuming 4 B per Fe atom for free atoms. In reality, the moment of bulk Fe is only 2.2 B per Fe atom, and hence, the contribution from residual Fe should be well below the estimated value. As can be seen in Fig. 2 Fe is only a minor effect in all these samples.
The temperature dependence of FC mass magnetization M FC for pure DWNTs indicates FM with minor paramagnetism ͑PM͒ making the up-turn appearing at low temperatures. These behaviors can be confirmed by the field dependence of M FC at temperatures of 5 and 300 K shown in Fig. 3 . M FC is saturated at ϳ7 kOe, indicating FM. At temperature of 300 K, M FC after saturation is decreasing with applied fields, while it is slightly increasing at temperature of 5 K. This indicates the existence of PM, consistent with the up-turn behavior at low temperatures in Fig. 2 .
The shape of the curve for KI@DWNTs is similar to pure DWNTs but with significant decrease in magnitude as shown in Fig. 2 . The residual FM in KI@DWNT is only 12.8% of pure DWNTs. According to the previous estimation, 12 the filling yield is only ϳ30%. The TEM results also show there are many empty nanotubes, and hence the filling yield should not be as high as 87.2%. In other words, even the properties of empty nanotubes in endohedral samples are not the same as the pure nanotubes. The vacancy defects and the zigzag edges should not be the major contributors of observed FM here. Thus, we suggest an alternative explanation about the origin and the reduction in FM as following. As mentioned before, the experimental results show the importance of hydrogen in induced FM observed in HOPG, 1 and the theoretical results 9 predict that the magnetic moments are 1 B per hydrogen chemisorption defect. The hydrogen chemisorption defects can be created during the acid purification. These defects cause the FM observed in pure DWNTs. From M FC = 2.82 emu/ g of pure DWNTs at 5 K with 10 kOe, the average moments is ϳ0.0061 B per C atom. In average, there are ϳ6 defects every 10 3 C atoms estimated according to the theoretical results. 9 However, due to the existence of I − , most of the hydrogen will be removed in the filling process, resulting in the reduction in FM. The M FC of KI@DWNT is 0.36 emu/g, corresponding to 7.7 ϫ 10 −4 B per C atom, and the defect number is ϳ8 defects every 10 4 C atoms. If the defects distribute uniformly, the average distance between nearest defects would be too large to cause collective magnetism, and hence, the distribution of defects is probably not uniform. This is consistent with the observation in SWNTs, 6 which estimates only 15% of nanotubes are ferromagnetic in unfractionated samples, even though their explanation in the origin of FM is different from us. The hydrogen defects should prefer distributing over the outside surface, because of the larger curvature inside the nanotubes. Also, the ends of some nanotubes are not open before acid-purification, retarding the entering of hydrogen into the nanotubes. This makes the hydrogen to be easily removed by I − . The M FC curves of CoI 2 @ DWNT in Fig. 2 show the antiferromagnetic behavior with Néel temperature T N = 10.5 K, slightly lower than T N = 12 K of the bulk CoI 2 , 13 an antiferromagnetic insulator at ambient pressure which undergoes the Mott transition into the nonmagnetic metal state at high pressure of 12.5 GPa. The curves above temperature of 15 K are fitted by Curie-Weiss law with an additional constant, interpreted as components of PM and FM respectively. The hysteresis loops of CoI 2 @ DWNT at temperatures of 10.5 K and 150 K are shown in Figs. 4͑a͒ and 4͑b͒ , respectively, confirming the existence of both FM and PM. The fitted curve is shown in Fig. 2 . The fitted ferromagnetic component is 0.154 emu/g, the same order of magnitude as M FC of KI@DWNT. This can also be seen in Fig. 2 by the similar values of M FC at high temperature of these two samples. Accordingly, the reduction in FM occurs in both endohedral DWNTs, and the mechanism mentioned above applies to both samples.
On the other hand, the paramagnetic moments of CoI 2 @ DWNT shown in Fig. 2 are too large to be considered as contributed only by CoI 2 , since the maximal magnetization from Co cannot exceed 0.88 emu/g, assuming 3 B per Co 2+ ion. The other source of PM is probably the nanotubes. From the results of Curie-Weiss law fitting, the effective moment of C atom is C = 0.60 B . Here, we use the relation n eff 2 = n Co Co 2 + n C C 2 , where n Co and n C are the number of Co 2+ ions and C atoms, respectively, in a gram of CoI 2 @ DWNT, and Co is the magnetic moment of Co 2+ ion which is assumed to be 3 B .
The origin of carbon PM is not clear yet, since pure carbon materials should be diamagnetic. All three samples have paramagnetic component. However, the paramagnetic component in CoI 2 @ DWNT is obviously much larger than the other two samples. In pure DWNTs and KI@DWNT, the observed up-turn behaviors at low temperature can originate from small clusters of defects or from isolated defects, which are superparamagnetic and paramagnetic, respectively. Both the superparamagnetism and PM can explain qualitatively the up-turn at low temperature. On the other hand, the PM observed in CoI 2 @ DWNT should be correlated with CoI 2 , since the moments behave antiferromagnetically at temperatures below the Néel temperature of CoI 2 . Also, the effective moment C observed in CoI 2 @ DWNT is too large to originate from defects. The large C might be the paramagnetic moments of C atoms induced by CoI 2 due to the wave function overlap between the localized moments in CoI 2 and the electrons of C atoms, which needs to be studied further.
In conclusion, the FM is observed in acid-purified DWNT. The content of residual catalyst Fe is too small to be responsible for the observed FM. On the other hand, after filling KI or CoI 2 into the tubes, the FM is suppressed largely, over 87% of FM being removed. The most probable source is then the hydrogen chemisorption defects created in acid-purified process. The same mechanism should be applicable to graphene, and it can be thus used to enhance FM of CNTs or graphene. We also observe large paramagnetic component of nanotubes shown in CoI 2 @ DWNT, in addition to the moments of Co 2+ . The PM should be correlated with CoI 2 . It might be the paramagnetic moments of C atoms induced by CoI 2 . However, it needs further studies to understand the real mechanism.
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